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ABSTRACT :,. . ;. 
cl 
; 
. The ·rerritizing, -austenitizing and tempering characteristics 
. . 
·:. 
-. 
of ductile iron, cast in slab form, annealed and hot rolled to 
63%. reduction of area have been investigated. The 'as rolled matrix 
structure was observed to be pearll tic. It was foi.md that a two 
hour subcritical anneal (1300°F) produced a matrix of approximately 
50% ferrite-50% pearlite, while a twenty hour anneal at the same 
temperature produced a matrix of essentially 100% ferrite. The 
austenitizing treatment producing the maximum as quenched hardness 
I 
',-c:.-::1 ) 
was found to be one hour ~:t 1650 °F. Oil was .found to be the most 
satisfactory quench medium. Tempering at 850°F led to negligible 
·' 
ductility and toughness, while tempering at 1100° and l200°F was 
observed to yield an acceptable balance of properties. 
The effect of heat treatment on anisotropy of me.chanieal 
properties was. also studied. Considerable anisotropy in tensile 
strength, ductility and impact resistance was observed in the as 
rolled material, while the yield strength property was seen to be 
~ 
.-less susceptible to anj ·~otropy than were the other mechanical 
properties. The degree of anisotropy decreased for strength and 
increased for ductility and impact ··energy ·as the percent ferrite 
increased. The infiuen·ce of the quench and t'emper treatnsnts w,s 
similar. to that observed for i·ncreasing percentage,~ o! .. terri te in 
. . la 
-··· ~ .. 
the as rolled material. 
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,, Measurements of length t9 width ratios of individual graphite 
particles were made on longitudinal sections in order to determine · 
the effect of graphite shape on anisotropy in the ferri tic, and in 
the quench and tempered conditions. - It was observed that a small 
. -
change ·µi graphit~ shape had a large effect upon directionality in 
'> 
a ductile matrix, but practically no effect in a more brittle matrix. · 
It was concluded that hot rolling improves longitudinal proper-
ties of ductile iron, and that various heat treatments· can be 
performed to both decrease the degree of anisotropy and to improve 
the balance of prope~-es. 
.• 
~-
. ' 
.... 
-~ 
·, 
' 
·:.., . -
. '. ,, ... '·:·i. 
·· .. ·\· 
'. \/ 
.,r· 
• T" 
., 
• 
.. { 
i f. 
l 
! 
: 
l 
l 
l 
f 
l 
l j 
I j 
I 
. , 
r. 
' ,. 
,, 
.:, 
,·, 
' 
·:.• 
~-. 
..•. 
.... 
.. , 
" 
INFLUENCE OF THER!.iAI, TREAT~lENT UPON 
ANISOTROPY IN HOT-ROLIED DUCTILE IRON 
... 
by 
·i Scott Thomas Soheirer 
' 
A Thesis 
Presented to the Graduate Faculty 
of Lehigh University 
in C~didacy for the Degree of 
!4¥ter of Sc ienoe 
.,. .. 
I.shigh_ University 
1963 
.. 
..• ... 
'"·-
,_,.;,· 
.. 
... 
'"· 
. , 
.... ··• . 
. I . t. 
.). 
• 
., 
j 
I 
! 
' l l 
i 
I 
I 
l 
J 
I 
' 
• 
' ! 
I 
I 
• 
;. . 
. · ..... · ..,.: 
"- ,4· .• 
., 
'· 
, .. 
... 
.~ 
,. 
·"!:· 
This thesis is accepted e.nd approved in partial fulfill-
ment of the.requirements for- the degree of Ma.step of Science. 
:.• 
J 
(de.te) 
~ofessor in oha~r~~ 
,• 
Head of the Department 
.. 
./. 
.. ,· 
• . 
... ;-
. .. . ii -
• I 
" 
") (- .J 
.. ~.J· 
~: 
).,·: 
:, 
·~-- ...... ;:,»· 
.. 
..... 
., •-:!' 
_ .. ·-
• ·• • -- -., ... ' • • • •• ,,. ' ' . ' ' ' "·" , .. •·• ,,,,. .,. .. - ... ·- •-h "" ,•• 1-• '•- ,.,,. 1•~·-... ~, _._,...,,,,,,,.....,.,•,";-,,, '-••••• , "'• .,.,.,-,.""·« • -•. ,.,._,•',a~••·• • 'H'•"!•··----'' •.., .... ~"·- •,, .• , •• '••• . • • ', •, "•• '" 
• 
• 
:~ 
.. 
·1 
A'CKNOWLEOOEMENTS •. ,.,;; .. 
The · author would like . to thank his thesis director, 
u: 
_.l,. .• 
Professor Joseph F. Libsch, for his faithf:ul and useful· 
counsel and encouragement throughout the course of this 
\ . investigation. ·· The help extended by the Bethlehem Steel 
.. 
I Company, especially Messrs. H. L. Jandras and T. J. Grebanar, 
is also greatf11JJy acknowledged. FinaJJy, the aid and en-
couragement- given by other s1:,aff members at Lehigh, fellow 
graduate students, and close friends is greatly appreci~ted. 
:~. 
··~ 
.. 
'· 
._. 
.....,___... ____________ .· .---~- _- .. - .·. ·- . - -_:-"::;:--··· ' .. -·-.-.~· ··~.·- .. , ... - .-· .. - - .. -.. -. .- . .-~ ·.· -.... '-.. ,-· -· ··- .. , . - .. _ . ,. - · ... :· :·:.· . . ·.·.·· .• -:_.' : .......... ·--..... -~· . ~-- ·--·- -· ·,· ·-.:.-,... __ ~ .• .. _-~·-,. ,· -~- ~~·:.-·:t ,. .. _ . ...;-.,, · .. · .··• -- ... =~·-:- .: ....... : . .. - •,· : .,- . •.• ·' • ~ 
... ·• 
iii 
,_/j~ 
~·; ' .. :" :iJ~'··:}:fi . .,,' . 
'':,• . 
. . 
_. 
\ . . 
.'- . 
•· 
'\ 
~· . 
----- ,. 
~- "" 
':. ' ... 
.. .. . . .. . 
. -·~JL. 
~. ' / . 
:•. 
' 
... 
.. ,,,, 
. ~ 
•: 
... 
.~"'"'-. .. ,,L.._,1~t'-"..,. .. -·,,.~~#IM,tn:.t~l'J"~~-·V·::U.U~...._..,"'J-')'1o!~<"ltt•ct+;J ti 1·1~M~ •..u,,rJ11~~1Nr11rrWn-u.•114b~.-«""~.:.t~,1.,'1Jl'~o11iW't~ ~ t , 
~ I . ' w ' \ 
ff 
J 
Table of Contents 
. 
··. 
·' 
~ INTRODUCTION 
EXPERIMENT AL PROCEDURE.: 
Material 
Hachanical Tests 
Heat Treat.rµent 
Analysis 
'.' 
DISCUSSION OF RESULTS 
Effects of Rolling 
Effects of Matrix Change 
Effects of Graphite Shape 
'· 
;~· 
Contribution of Crystalline Anisotropy 
CONCLUSIONS 
FIGURES 
-
TABIES 
BIBLIOORAPHY 
VITA 
,.,.... 
··-. 
'<\.. . 
·-- •. 
iv 
. • 
.. 
... ~' ' 
. ·~·· 
Page 
l 
-
5 
:,, 
.: . 6· .. 
9 
11 
11 
,l.J' 
:15. 
-"5 ... t'.-=. 
.. ;) 
.. 
,·, 
. ;-.... 
_ ... ~. 
• 
: I I "H~, 
.~· 
.. 
' 
,,.. · .. 
-~ 
.... 
'· 
._.,. ,. ~ .. 
.'I ... 
:"--
' 
• 
\ 
• I 
. I . 
·~-
• 1:1, 
~ .. 
.~~ 
,• ,' i; 
·' 
· . 
. /' 
- - - ,.~--,~ -- ....... --
INTRODUCTION. 4' ... · ... " .. " ·---- ...... 
Since the development of ductile cast iron in the late 191:f)·'s, 
and with its subsequent wide-spread usage, the control of miorostructure 
and its related effect upon the properties of ductile iro~ has been 
the object of numerous investigations. (l, 2 ) This material differs 
• from ordinary gray cast iron in that the sulfur content is unusually 
low, and small amounts of an alke.li or alkaline earth element, often 
magnesium or_ cerium, are added to cause the free graphite to form as 
spheroids rather than as fle.kes:(3, 4) These spheroids disrupt the 
matrix continuity much less than do flakes. 
'. 
Hence,- a greater degree of ductility is imparted to· ductile 
. 
iron than is obtained in gray iron of a simile.r matrix microstructure. 
There have been numerous investigations of the effects upon 
microstructure resulti.ng from various heat-treating procedures and 
t~eir influence on propertiesrof the ductile iron.15, 6, 7 • 8, 9, lO) ' .. 
These heat treatments includes ferritizing, austenitizing. and 
quenchiDg and tempe~ihg. 
In the e.s~e.st condition a -ferrite-pearlite aggregate is generally 
encountered, the relative proportions of each ·being dependent upon the 
cooling rate. Generally, a thermal treatment such as normallizing 
- 1 ·-. 
•l 
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9 
begins by heating the metal to an austenitizing temperature of about 
,,, ·= 
....... -. . 1650°F. (lO) The cooling rate .through the ,critical transformation 
.... ,! 
region (upwards of 1330°F depending ~pon the canposition) then deter-
mines the amount of pearlite in the matrix. The faster cooling 
rates produce more pearlite. 
l, 
Fully ferritiz~d structures can be produced by cooling very 
slowly· through this critical region and holding for upwards of ten 
hours at 1J00°F. (lO) Ferritization can .also be accomplished by the 
subcritical treatment in which the material is simply held at 1300°F 
for e. period of time necessary to decompose the pearlite. _(["This 
i 
1tte~tment is not as popular for as-oast material because it does not 
r 
provide grain refinement. .1 
Throughout these treatments the graphite spheroids remain 
essentially unchanged_ (although carbon released by th~ decomposition 
of pearlite or the transformation of austenite to low carbon ferrite 
presumably deposits largely on the previously existing graphite 
centers). These graphite spheres do have some influence upon the 
matrix as is evidenced by the low-carbon ferri-tic areas which often · 
· surround them. 
. J 
Ductile iron call' also be gi~n a quench and temper treatr;ent. (6• 7' 9, lO) 
A.ustenitiz~ng temperatures are frequently 50 to 100 degrees above the 
upper critical temperature.· Quenching is done in oil and a wide 
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variety of propert~es can be obt~ined through the selection of a · 
... ' tempering temperature. · When tempered at higher temperatures the 
. 
·carbon whioh _is trapped in the martensite is observed to collect 
as : small spheroids of secondary graphite whioh are distributed 
r 
throughout the matrix. (ll) 
Because of its superio~ ductility, the possibility exists of 
forming ductile ir1on. farly experimental work invest~gated the 
y • (12) hot-rolli~ of ductile iron. The pri~ry ·aiffioulty enooun-
i 
tered was that of edge cracking in the rolled strips. Data 
presented polnted out the effect of rolling temperature and degree 
of reduction upon the mechanical properties of the material and 
. ~ 
also indicated a rather significant but expected variation in the , ... 
longitudinal and transverse properties. 
Recently ·ductile iron which had been cast as slabs, has been • 
i successfully hot-rolled into plates of varying· thickness. (lJ) · 
While the amount of literature available on ductile ··iron has grown 
steadily since -~its discovery, there is quite naturally a dearth of 
information on the hot-r.olled product, essentially a. new mater'd..al. 
The object of this study was to investigate the directionality 
of mior_ostruc~_re and properties in the as-rolled material and the 
,, 
;:,to,. 
_ ...... 
effects of heat treatments upon this anisotropy. 
. 
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More specifically)-.· • 
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dependent upon the matrix microstructure and to· what extent upon the ~-t,. 
graphite particle shape? and what can be done to decrease this 
. ' 
directionality to make hot-rolled ductile iron a· more useful engi:rieering 
~ 
materie.l. 
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-----· ·--·.-- EXPERIMENTAL PROCEDURE 
'"" 
Material 
Ductile iron, for this study. was cast, using a magnesium 
inoculant, into open graphite molds with a salt cover. These cast-
•, 
ings measured 56-inches by 45-inches by )-inches upon solidifioa~ion. 
They were given an annealing \treatm~nt -and sonically tested for 
soundness prior to hot-rolling. The actual .rolling procedure was .as 
fgllowss heat to 1790°F and soak for seven hours, increase temper-r 
.,. 
' 
ature to 1900°F, withdraw when at p~oper temperature and roll in 1/4 
\ inch drafts to nominal finish siz, of 1.170-inches. The finishing 
temperature was 1665°F alla the ·rinished size .was 1.085-inches to 
1.100-inches. 
Chemio al analys~s of this material is shown in Tab le I. The 
material has a typical chemistry for a ductile iron. The high amount 
,,~ of combined carbon i~dioates a pearlitic matrix. This observation .. 
' 
...:..:· . - .... . ...... _ ... 
was confirmed .,by the as-rolled microstructure as shown in Figures 1 
a and b. 
··' 
- . C' •• ,~. -·· •. • - •• ··-
- • 
; ...... ;.· .... ·, ·.:. - .. -... .. :.. _..i:_ -'· ·-:----:- • • • -.:-" :-' - ......... ...:;. ,.. .,.,. ...... ...._ ___ ··- ;.,~_ ••. ; ,~·.; ·:.. ·- .,.,:~ ~-.... • ,... - "":':" . ••• ·- ..... - :.·,.;, .. · ......... .. Mechanical Tests 
. .. 
Tensil~ tests wer\_performed on· the material using stand.a.rd ASTM 
. \ ' 
' ... -- ----· 
........ 
:.•r, 
. . 
........... ..... -~ ............ -----· 
t 
'\ 
. . (14) . 0.505-inch specimens . and a Baldwin hydraulic tensile machine. , Since a 
' 
- ' -
. ' 
/ 
,. 
·.,. ••. 1 • 
··1·. ·"' 
\ 
:-
.... 
I • 
i.._. 
./ 
•· 
Tariat·ion in properties between the longitudina1 and transverse 
sections was expected, tensile tests were desired in both directions. 
In all cases two tensile tests of the same material were made. The 
edges of tbe slab to a depth of at least four inches .were discarded 
as 1r2re any areas of gross imperfection, when selecting material 
for tests. 
I 
I 
- ~ 
• 
} 
The material proved too brittle for the nprmal type of notched 
/ 
Charpy impact specimen. This we.s especially true in the transverse 
sections where energy absorbed was so low for every condition tested 
as to prevent differentiation. To arrive at comparative values, an 
// 
.; 
unnotched impact specimen was used (l5) (see Figure 2}. Four separate 
specimens were used for ·each condition tested. Brinell hardness 
"' 
values are also. recorded. 
· Heat Treatment ( 
A variety of heat treating cycles were·used in an attempt to 
vary the matrix substantially. ill treatments began with the as-rolled 
material, designated "A". These treatments are summarized in Table II. 
All heat treating procedures were performed in a. Hevi-Duty forced ~ir •. i-... ,, 
furnace. 
' " 
treatment was u~ed. This subcritica.l treatment required the samples 
. to be heated to 1300°F for·· a period of time. causing the carbides in 
the pearlite to decompose. The correct times were determined by first 
,; 
' ,i I ,. 
- 6 -
.,. 
• 
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., 
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... _ 
,_ 
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. ;f· 
,r 
, 
)_ 
• • 
: ~ 
treating a -series of test cubes e.nd examining them ~c.roscopioally. 
To achieve~ a fully ferritized matrix twenty hours at t~mpere.ture was 
-· , required.' Two hours at 1J00°F were needed to produce a matrix which I' ' 
~ 
'Jia. 
·-
. ~ .,. 
was approximately 50% ferrite e.nd 50'fo pearlite. The material with a 
.. 
"50-50" matrix is designated "B" and the fully ferritized (but not 
. 
austenitized) mater~al is denoted "C". After the holding time had 
elapsed, the samples were~ air-cooled. These two heat treatments 
allow a comparison of the as-rolled material with two other conditions, 
none of which have been e.ustenitized a~er rolling. 
;, All subsequent heat treatments required the use of' an austenitizing 
cycle as part of the heat·., treating process. Since nothing: was known 
of the e.ustenitizing characteristics o,f this material, a study was 
under taken to determine proper austenitizing times and temperatures. 
·Temperatures of ,1450°F, 1550°F, 1650°F, and l 750°F, and times of 1/2, 
1, 2, 5, 10, and JO hours were chosen. 
'\ 
' 
'\ Both oi~ and water quenching 
J"' 
',_,,, .. /' was tried, however, oil was chosen for all subsequent work as water 
quenchi.ng had a te.ndency to cause cracking. It was verified that oil 
quenching was adequate to harden a one arid one quarter inch cube at 
'., ~ its center. 
The data from this st_udy are presented in Figure 3. Hardness 
values which are given were_ ~1i ~l?t~ip.eci with use. of .a. 10 mm carbide· ..... ...., ____ , .... -·,~- ... '!''-~··.._~· - _ .. .,. .......... ~ ...... --- - .- ~· • • - • • • • • --~ l -· '.· .• ·"· • •• • ,, ,, ' . • 
Brinell ball. This data indicates that 1650°F is the ideal austeniti.zing / 
·, ·?'· . .. \. 
- 7 - . \'. 
\ 
' 
\ 
;, .. 
. 1 .. 
' 1. 
. ' 
temperature and the time should be one hour for maximum hardness 
upon quenching. This procedure for hardening was . u~ed in the 
following quench-and-temper work. 
Apparently 1450°F is not a high enough temperature for complete 
transformation to austenite. Also. the highest temperatures and 
" 
longest times result in· a. lowered hardness. Cold treatment of these 
specimens in liquid nitrogen verified that this loss of hardness was 
due to retained e.ustenite. 
The effect o·f the graphite shape in a ferritio matrix was 
studied by austenitizing the as-rolled product at 1650°F and then 
. 0 
slowly cooling through the transformation region to 1300 F and 
holding for twenty hours. (B, lO) The length of time at 1650°F was 
.f' 
varied in hopes of influencing the graphite shape •. (It was felt 
·, 
' 
that long times at high temperatures might cause the graphite 
I 
J 
particles to partially re-spher~idize or else ''break-up" into smaller 
particles, thus improving transverse·properties.) Specimen "D" was 
·, 
held for three hours. producing little change in graphite shape. 
__ Specimen ''E" was e.ustenitized for three days. This caused some 
degree of re-sphe.roidization of the graphite. Following the usual 
1300°F holding period th~ samples were removed from the furnace and 
air cooled. 
~ ' 
· To study the effects of various quench-and-temper· treatment,~ 
some knowl.ed.ge of the .tempering characteristics of' this material wae 
\ 
.F; 
- 8 -
,. 
'(, '\ 
' 
< 
... 
,I 
.. ~- F. 
. . 
~-- ··-· > -
1 
- lk 
1 
·\· 
·, 
.. . 
! 
'.,. . ' 
desired.· A series of one inch cubes was oil quenche~ after austen-
itizing at 16S0°F and then tempered for. two hours at various ·temperatures. 
·, 
These .results are shown in Figure 4. 
' 
The same austenitizing temperature, 1650°F, was chosen for all 
quench-and temper studies. Austenitizing times were one hour and 
three days, an attempt to ascertain the ,effect of graphite· particle 
shape in a tempered.martensite matrix. Tempering times -were two 
hours in all case;. The ·temperatures originally chosen were 850°F · 
and 1100°F. However, the testing of one longitudinal specimen 
indicated that negligible ductility and toughness could be obtained 
; ~ 0 
with 850 F-tempering. This observation led to the decision to . 
·' 
.. .. 
re-temper these specimens at 1200°F. All quench-and-temper treatments 
a.re summarized in Table II. 
"H", and "I". 
q 
Analysis 
The treatments a.re designated "F", "G"., 
j 
The metallography required in this investigation was relatively 
\ 
conventions.1.Ci3) Diamond paste of six ~nd-~ne micron particle size 
was used on e. "Te:xmet" \Je.pping cloth for final polishing after the 
samples had been prepared through 4/0 grit. polishing paper. 
1
All 
1, 
polishing was do~ by hand. The etchant used was a 1% nital solution. 
_.: ... '._:- .. ;ic-: ..... "'4.•,~----~---N·•·~ .. -·-· ..... ···0ne· sample·,· trtiatment ··"D", · Figure ·7. ·was· prepared using electr·o-
polishing techniques after the 4/0 pe.per~(l6) The electrolyte was a 
Cro3-acettc aeid solution in water. The sample was finished with a 
- 9 -
., 
, 
. ' 
~-·· . ...,. ' -- ·" . 
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·, 
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~ 
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• 
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·,· 
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\ 
few strokes ori the one microp. lap. This method provided slightly 
/\ 
/ ·\better graphite retention. Photomicrographs were taken on a Bosch 
and Lomb.optical metal lograph. 
,) 
' . 
Measurements were made on each longitudinal sample to determine 
, the degree of graphite spheroidization which had occurred when samples 
were heated for three days at 1650°F. These measurements were made on 
an optical microscope with a vernier eyepiece. Magnification was Soox. 
The average length and width of the particles in each of five representa-
1 
' V tive areas were recorded as a "shape anisotropy" ratio. The length to 
width ratio of the transverse flakes in each corresponding sample was 
also recorded. (These ratios are more uniform than the longitudinal · 
values and therefore only the average is tabulated.) \ 
In order to determine the effect, if any, of crystalline anisotropy 
' ~ ~ in the matrix of the as-rolled material, an X-ray analysis was performed 
on the specimen in condition "A", using a Siemens texture diffractometer. 
The a~tomatically recorded pole figure showed no apparent preferred .,...-
I 
orientation of ferrite due to the hot-rolling procedure. 
·~· 
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DISCUSSION OF RESULTS 
f ·~ 
I Results 0£ the·various tensile. impact, and hardness tests are 
, 
compiled .. in Table III. As-cast properties are included". (lJ) The 
ratio .of longitudinal to transverse properties is also given. 
Measurements of r\tiios of the graphite pa:i;ticle leng~~ to width 
representing shape anisotropy are listed in Table IV. These find-
ings a.re gre.phioe.lly depicted in various figure& which are introduced 
in the following text. 
( 
Effects of Rolling 
Comparis.on of as-cast and as-r·olled properties shows the.t the 
hot-rolling prqcedure has increased the tensile strength in the 
longitudinal direotion while not greatly affecting the elongation. 
The hardness is decreased considerably. The transverse strength 
properties of the as-rolled material ("A") are ·quite close to the 
' 
as-cast values. However, the ductility of the material in this 
direction has been sacrificed. This rolling procedure probably acts 
much the s~e as rolling and the miorostruoture is refined thus 
. 
inoreasi~ strength in the rolling direction. 
-·- ... -~- ... ·- ....... _.- .. _ ___.,..~,_,-,-:·'":"·/.:- .. ~.--·-·· ._..,.,_...,. ___ ,....,... ......... '_.....,_ _____ ,_ .. -.: .. -~-.·~- - . ··, --· -- ..... ·-·-····--.. ··- -~- ,---··'·"'·"- "" .............. -~ .. - ..... ·- . . . .. ,. .... ________ ..,_,.., ____________ -- .. . .. .. 
~-
The primary effect induced by rolling seems to be the change 
·in shape in the graphite particles as can be,seen in Figures 1 a and· 
' b • the transverse an.d longitudinal microstructures or the as-rolled 
,-
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material. Reference to these photomiorographa and to Table IV will 
<'. 
c~ 
illustr~~-~ in two dimensions the way in which the previously spherical 
g·raphite has been deformed into an oblo% shape whioh is longest in 
the rolling direction and flattest in the direction of compression. f~ • 
When examining these. graphite particles it must be remembered that 
the picture is a two-dimensional representation of a solid and the 
range of actual particle sizes is probably not as great as is . 
piotured because eaoh irregular shape is out in a different place 
by tl'le polishing plane. For this reason only .the "major" particles 
were considered when measurements were made on particle length-to-
width rat-ios. Figure 5 is an attempt to sketch in three dimensions 
the expected graphitio particle shape after deformation. 
- ~ It will also be noted in the photomtcrographs, particularly 
the longitudinal section, that some of the graphite has been 
- ~ 
deformed more completely· from the previous sp~erical shape than 
has others. An explanation which can be advanced for this phenomenon 
oonoer·ns~ the orientation of the individual graphite particles in 
relation to the rolling direction. Thus, some might be more easily 
or at least more regularly deformed. In some cases the graphite 
\ 
. l". 
mere~y appears to be flattened out. Others seem to have been 
deformed by an "onion-skin" effect in which spherical layers of the 
~ - . 
·--~----·• ·- _ .,• ·------ . ~u,. •. a"..........:...,.........,.,.,._...__,.. __ ......... .,.""' ...,,..,._r.u.-....... ~-·- ,,: ,•.,.,... . ... ··-- ., 1-·, ,--, • --,.• ...... ,. - ,.. •• ···-·• • - .--.-
t graphite are smeared off of the o,enter form into protrusions around 
· · (12) the basic sphere. - The more probable explanatio_n is that which 
' " 
concerns the crystallography of the graphite particles • 
. : . 
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Effects of Matrix Change 
The effects of a change in the· matrix upon the mechanical ~r 
~ property anisotropy can be demonstrated by c.omparing the properties 
~ 
obtai·ned in treatments A, B, C, F, and H;. In none of these samples · 
was a direct attempt·made to influence the graphite shape (i.e., 
austenitizing times were kept to one hour for the quench-and-temper 
treatments). The microstructures of all samples which were heat-
treated are shown in Figures 6 through 12. (The miorostructures 
corresponding to C and Dare very similar and only one is shown.) 
Mechanical property data obtained for these samples is presented 
in Figures 13 to 16. 
Through reference to Table III and Figures 13 to 16, it is 
seen that by increasing the amount of ferrite in the matrix the \,. 
strength levels are decreased while ductility and impact resistance 
are increased. However, the degree of anisotropy, as.represented 
by the ratio of longitudinal to transv~rse properties, decreases 
for the strengths and increases for ductility measurements as the 
percent ferrite increases. (The degree of anisotropy may also be 
represented by the difference in_ property values between the 
longitudinal and transverse directions. For ductility measurements 
i 
. " ·~ 
.I.,. . 
.,: 
a 
this may be a ~ore :v~l~d c9.01p~~-i-~op. than the ratio.). .. This. would- ,. -~ ·· ··, --· --· ..... 
' . indicate that as the matrix becomes more ductile the elongated shape 
of the graphite becomes less of an influence upon differences in 
.., 
- 13 -
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longitudinal and transverse strength properties. The impact and 
' 
ductility properties show an increase in anisotropy, but.this is 
.~' 
to be tempered with the observation that the transverse properties 
do show a significant increa_$.e alth.o_ugh not .. a.s -g-reat a-s the· longit·u-
dinal properties. 
A noticeable effect is that whereas the tensile strength shows / 
a large degree of anisotropy in all conditions, the yield strength <' 
has only a small ratio of longitudinal to transverse properties. 
U: 
.\ This lack of directionality in the yield property as compared to ~ 
the other properties might be explained by considering the basic 
· phenomena described by the property. Macroscopic yielding is a 
c, property which is descriptive of the;onset of plastic flow. The 
other properties tested relate to wh,t takes place in the material 
l after it has begun to yield'<\ plastic*lly. An analysis of plastic flow 
and fracture concerns the seoond phase and the resulting loss in 
continuity of the matrix more than does yielding. Thus, the yield 
property may be rela~i~ly insensitive to graphite particle orienta-
" tion while the other pr~perties tested reflect the high degree of 
graphite particle shipe anisotropy to a greater extent • 
• ··~ 
Information concerning the mechanical properties of samples F 
and H, those treatments which were quenched and ~emp~_ri4 at ll00°F · ·· · ... _. 
... J • .. ,--,- -·-··an<fI2006F·;~~pecti;e{y:. c~n ~e ~~~a~n~~ f~~m Table III and Figures }"" 
,. 
17 to 21. Sample F. which was tempered at 1100°F, might be compared 
with "A", the as-rolled material. The heat-treated material has a 
superior balance.of properties in the longitudinal and transverse 
- 14 • 
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:,, 
sections. Ductility- values are comp~rable in the two conditions and . . 
the strength .levels are considerably higher in ~he tempered specimens. 
· More significantly, the degree of anisotropy as reflected by the 
longitudinal-transverse property ratio is decreased upon tem~ering • .. 
The sa.m:3 o omparison can be invoked between "B" and ''H". A§ai:1 
tempering seems to improve the transverse properties at no expense 
to the longitudinal. 
Figures 17 to 21 show the effect of tempering temperature upon 
the properties measured and upon the degree of directionality. While 
in some cases the change was not great, tempering had an influence 
similar to increasing the peroentage of ferrite in the as-rolled 
material. Referenoe to Figures 9 and 11 show that the microstructures 
are indeed becoming more ferrltio as the martensite decomposes more J completely with higher tempering temperature. ~ 
A very close look at Figures 11 and 1·2 will reveal the presence 
of secondary graphite.(ll) This phenomenon is shown greatly magnified 
in Figure 22. Here the secondary graphite has formed as small spheroids 
from the carbon released in the martensitic decomposition. 
Effects of Graphite- Sha~e 
' 
When considering the effect of graphite particle shape~ it ia 
....... ····· r· . 
--~----- ~-.:~:..·~c. .. ~.-·----·-····-~lJ _ t9 f.ir~_t_ analyse t~e. -way- i~ ~hich the graphite acts when the .... ~--.~--. 'I:" ••• - - •••• 
' matrix is deformed around ':it. We~e the particles spherical they would 
present the same cross-section to the direction of applied load no 
- 15 ~ 
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1 
matter what the direction of loading and little influence of graphite 
shape upon ·the uniformity of mechanical properties would be expected. 
However, the particles having been deformed to an oblong shape by 
r,, 
rolling, a non~uniform cross-section which varies with direction .is 
encountered_ and anisotropy is expected.~ When a longitudinal test 
piece is cut, a smaller shape (as shown in the transverse micros) is· 
presented to disrupt the matrix continuity. However, a transverse · 
specimen is cut by the length of the graphite stringers an4 greater 
' ' 
stress concentration and material weakening are induced. Thus, it the 
graphite particles could be made more nearly spherical, they would 
present a· cross-section more independent of direction and anisotropy 
of mechanical properties could be reduced. 
Tabl~ IV shows how the graphite particle size has varied between 
I 
samples austenitized at 1650°F for one hour and for three days. There 
is a degree of "spheroidization" evident from these measurements on 
representat'1.ve areas of the miorostructure. The shape changes which 
oan be noted are a slight rounding-off of the tails of particles 
photographed in the longitudinal direction. Significant changes in 
the graphite shape are probably not possible because of the relatively 
large diffusion distances required for carbon atoms. (The effect may 
be more pronounced in thinner cross-sections of ·plate.) 
J' . 
. Figures 23 to 25 present the results of mechanical tests for the 
. . . ~ - - . . - .. .. . 
materials wre re a· graphite shape change was obtained
1
• Three matrix 
" 
conditions were encounte·red and, this effect is kept constant in the 
- 1-6 .-.. 
.. 
.. ~---~- -----·-"" 
,. 
~., . "-
figures. In all case.s the same austenitizing oyQle was used. t ~ Thus, 
the_ as-rolled stri..:i.cture should not influence the matrix. Reference 
·,-' 
to Figure 23 shows that a more nearly· spherical graphite particle 
slightly improves the anisotropy of strength properties and greatly 
reduces directionality of ductility and impact properties. However, 
this is obviously not true in either of the quenched and tempered· 
structures where some properties are improved and some degraded t~th . 
I 
(./'-~ respect to anisotropy. .. 
" 
So it seems that the effect of the graphite particles is closely 
related to the inherent ductility in the matrix. Where the -matrix is 
ductile, as in the ferritic condition, a change in graphite particle 
·shape (even the small changes produced) l}.as a fairly significant 
influence. On the other hand, for more brittle matraoies suoh as 
-~ ~ 
quenched and tempered a;,.d probably as-rolled, the matrix is so 
... 
'· I 
·'· sensitive to the disruption_caused b(the presence-of the graphite 
·' 
·., 
I 
,~ that a small change in graphite particle shape is ineffective. 
Contribution of Crystalling AnisotropZ 
The effect of a rolling texture, or c·rystalline anisotropy in the 
, matrix, could add to t~t produced by the graphite stringers although 
such an-effect if present should be minimized.because hot-rolling 
involv~_s a solid-state transformation upon cooling after rolling is_ 
completed. This type of preferred orientation was investigated with 
a texture diffractometer. The results of tests on the as-rolled structure 
- 17 • 
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indicated no detectable alligmnent, of f~rrite" crystals in_ the pearlite-
... ~ . 
ferrite matrix. Thus, it must be assumed that the total -effeot of' 
anisotropy in this material is due to the elongated shape of the 
graphite and the effect is has upon the vari-ous microstructures tested • 
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CONCLUSIONS 
Directionality of microstructure and of_ mechanical properties is 
induced by hot rolling dµotile cast iron. The yield strength property• 
is less susoeptable to this anisotropy than are the other mechanical 
properties. 
Th·e degree of anisotropy is influenced by the matrix mat·erial. 
As the amount. of ferrite is increased and the matrix beoomea more 
ductile, directionality of strength properties ~eoreases although 
absolute strength levels decrease also. Ductility increases with 
.., 
ferrite although anisotropy of this property is not decreased. 
The shape of the graphite apparently causes the anisotropy, but · 
it acts differently in different matricies. A small change in graphite 
shape may have a large effect upon directionality in a ductile matrix 
but practically no effect in a more brittle matrix. 
Hot rolling improves longitudinal properties or uductile cast 
~ iron. Various heat treatments can be performed on the as-rolled~· 
' material to both decrease the degree of anisot"ropy am to improve 
• _. .. , .. -·,-·-•''"'--'"'•··••••r-...••,o-· ...... -·---• ·•- ••• •-·- ··-
__ ,. -·-·· ..... -- .... ·- ·- --- ~ -·. 
the balance or properties. 
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A: Longitudinal · Nital Etch 200X 
\ 
-A: Transverse }Ji tal Etch 200X 
Figure 1: ' Condition nA", As-Rolled Microstructure Showing Graphite 
Particles Dispersed .
1
in a Pearli tic Matrix. 
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TABIE I 
-
Chemical Analysis of Hot-Rolled Ductile Iron 
Mn p Si 
- - -; 
0.38 o·.:02:e 1.95 
.. 
s .. 
-· 
0.012 
Ni 
-
0.08 
./ 
\ 
~ 
Cr 
-
0.02. 
-:-· 
-. 
.. · .. e 
Ti Cu 
-
-
• 
. 
0.02 o.oa 0.12: 
·1 
·1 
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!- ·D: 
?' 
'E 
F 
i 
G.-
; .-. . 
·r-·· . -' . 
.. - ~ 
I 
• 
( 
TABIE II -- Heat Treating Procedures 
Austeni ti.zing Treatment 
Te!!1f>(°F) Time (Hrs) Quench 
As-Rolled 
..... 
-- --
-- -- --
1650 3 fee. cool 
to 1300°F 
16.50 ·72· · ... fee. cool 
to 1300°F' 
,::t.6_5.0: l o.il 
' 
"j.-
.t65·0 7~: ·1 ·o).. . -
165Q :1··_: 
. , O-il : . . . . . 
·?2-
.,1:_-~ . - o·.il 
., 
~ 
Ferritizing Treatment 
Temp.(°F) Time(Hrs) 
;I.300 ,2 
·1J·oo -:2:0; 
~l-.300· 
.20: 
1:io:C· =20: 
-- --
-- ---
-- --
--- . 
--
Tempering Treatment 
Te1np ( 0,F) Time ( Hrs ) . 
---
~ 
--
--
--
1100 
1100 ; 
--
--
--
--
2 
2. 
~--
~-
.......___ 
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-: !'ABIE IIL-- Mechanical Properties of Hot-Rolled Ductile Iron :f 
I 
.: Tensile Str. (psi) Yield Str. (psi) % Elong. % R. A. Imp. Energy(ft-lb) 
co·ndition 
Test Ave.L Test 
Values Ive.' T Values 
As-Rolled (A) 
I.Dng. ;u.4,ooo 
I , 125,000 
' 
· 87,250 
· 74,500 
·Trans. 
As-Cast/ ; 
. ~ 76,ooo 
•.: · 67,500 
50-50 Matrix : 
(B) 
!Dng. 
Trans. 
Ferritized 
(subcritica1) 
(C) 
Long. 
Trans. 
86,500 
89,000 
64,'000 
66,500 
65,ooo 
'64,500 
.56, 000 
56,ooo 
1.34 
1.16 
71,000 
70,000 
53,500 
65,00 
-----
-------' 
50,500 
52,500 
50,000 
51,000 
50,·ooo 
47,500 
46,ooo 
46,500 
Ave.L Test Ave.L Test Ave.L Test Ave.L Hardness 
Ave.T Values Ave·. T Values Ave.T Values Ive.T (Brinell) 
· 1.19 
2.5 
4.5 
1.5 
0.5 
---
---
2.0 
3.0 
2.6 
2.5 
4.0 
2.0 
0.5 
---
---
15.0 
---
22.0 
25.o 
6.5 
11.0 
2.6 
6.o: 
28, 27, 
25,29 
13, 16, 
13,16 
-----
--........ 
37,56, _ 
30,48 
26,16, 
29,16 
82, 75, 
56,92 
41,18, 
38,44 
1.88 
1.96 
229 
321 
302 · .. -
'163 
. ·1·16·. 
I. 
~. .A 
- ------------------------
,! 
Condition 
-"'--
Ferritized 
(3 hr aust.) 
. (D) 
Long. 
Trans. 
Far.ritized 
~ !- {J day aust,. ) · 
en (E) I 
Long. 
Trans. 
¥ • 
. 
l Hr. Aust. 
ll00°F Temp. 
(F) 
!Dng. 
I,, 
· Trans. 
-
Tensile 
-Zest 
Values 
63,000 
62,000 
.50, 000 
49,000 
60,500 
60,000 
52,500 
54,000 
_145,·ooo 
136,000 
.122, 250 
·120,500 
i 
, 
·, 
TABIE III 
Str. (psi) Yield Str. (psi) 
Ave.L Test Ave.L 
.Ave.Fr Values Ave.T 
'( 
I 
46,ooo 
47,000 
l.2:7 ~ 1.-15 4o,·,oo 
40,000 
43,·500 
1.14. 
43,000 
l:-08 .. 
40,000 
40,000 
126,750 
1.16 
123,500 
1.08 
117,000. 
116,000 
j 
---
Continued. \ 
... 
% Elong. % R. A. Imp. Energy{ft-lb) 
Test Ave·.1 Test Ave.L Test Ave.L Hardness Values Ave.'!' Values Ave.T Values Ave.T (Brinell.) 
23.4 31.0 84, 78, 116 23.4 31.5 "65., 7Q 4~7- 5 9:5: 2.32 4.68 6.o 28;40, ]J] 5.47· 5.5 28,32 .. 
' 
17.2 22.0 . 64,51, 101 " 15.6 18.5 72,63 
-~ 2 •. 1 2.9 1.92 7.8 9.0 28, 35, 99: 7.8 5.0 28,39 
-.. 
\ 
t 
· 5.5 5.0 32, 23, 285 3.1 4.0 • 31,28 . i.-as 2.25 
~-14 2.3 2.5 10,15, is,-
2 •. 3 1_.5 15 
.. ;., 
I 
·---- . . "~.,,: 
TABLE III 
--
Continued 
Tensile Str. (psi) Yield Str. (psi) % Elong. % R. A. Imp. Energy(.ft-1b) Test Ave.L Test Ave.L Test Ave.L Test Ave.L Test Ave.L Hardness Condition Values Ave.'r Values Ave.T Values Ave.T Values Ave.T Values Ave.T · (Brinell) 3 Dcey Aust. 
/ 
I 1100°F Temp. i I \ 
. (G) I , ! 
' 
• 
Long •. 1 132,500 113,"000 3.9 4.5 26, 22, 277 
/ i I 
! 144,500 115,000 6.3 7.5 24,32 
1 
-· 
; 
. 
! 1.;:15· 1.03 2' .• _.6; 2:e·4 1.57 Trans._· l 117,000 109,·500 1.6 1 • .5 17,18, 269 
I 
I 
I 122,500 112,000 2.3 3.5 14,17 l 
I 
i 
I 
l 
I 
l 
' 
' .t
l Hr. --Aust. ' 
1 
i 
!-
'r } 
l200°F Temp. 
'f a (H) ,;, 
i 
Long. I i 87,500 69,000 14.1 t~ 
.15.3 43,46, 187 i l I 
-
i 
~ 
1.11' \ 0.93 4.12 3.:i:2: 2.14 : Trans. Bo,ooo 74,ooo 3.9 4.9 22·, 174 ·_ 77,000 75,000 3.1 4.9 22 
3 Day Aust. 
' 
1200 °F Temp. (I) I ~ 
~ 
' 
Long. 78,ooo 60;000 10.9 11.4 29,48, 156 
I 
' 
. 83,000 60,000 12 • .5 14.6 48 ,_ 1.22 o .•. 96 J-75 4.00 2.65 Trans. 67,'000 . 65,·ooo 2.3 2.9 
.25,ll, 167 65,000 60,000 
.3.9 3.5 11 · .... \ ; , 
l 
i 
·'.· ;._-
: 
I· 
·-.:· 
·" 
l 
.. ( 
~ 
.· .. 
' 
.• ' 
' 
'\ 
-~ 
;_ 
·~ 
; 
,! 
l 
I 
-, 
.\ 
1 
-~--~-. _ _. ___ ... _ 
l 
,. 
T.ABIE IV 
Graphite Particle Length to Width- Ratio in Representative Areas of Microstructure ,. 
-
Treatment 
As-Rolled (A) 
50-50 Matrix (B) 
-~ Ferritized 
'cS · , (3 Hr Aust.) (D) 
Ferritized (3. Dizy Austi.) (E) 
1 Hr. Aust 
1100°F Temp •. (F) 
·3 Day Aust. 
1100°F·Temp. (G) 
.. { 
•, 
-· __.._....,........c,,;_._ "-'-~------ '---·.- ··- ._ ... _ ·-·-- .. _ • • 
' 
! 
-~ 
.... 
•\f· 
-~ 
a.25 
2.25 
3.66 
6.40 
1.45 
4.40 
9.70 
I.95 
4.95 
5.85 
1.35 
4.33 
13.55 
2 .oc, 
6.78 
7.30. 
1.40 
s.20 
!DngitudinaI Ratios 
8 .. 40 
1.30 
6.45 
4.60 
o.'90 
5.10 
7.60 
1.85 
4.10 
3.90 
1. 75 
2.23 
3.60 
0.75 
4.80 
4.30 
0.65 
6.60 
3.10 
0.70 
4.45 
15.05 
2:.36 
6.55 
7.45 
1.30 
5.70 
11.10 
2'.60 
4.28 
14.40 
2. 75 
5.23. 
6.30 
1.85 
3.40 
7.70 
1.95 
3.95 
14.50 
3.25 
4.46 
8.10 
I.Bo 
4.50 
10.70 
2.05 
5.21 
4.20 
0.85 
4.95 
2·.55 
ci.90 
2.83 
4 •. 90 
1.·05 
4.67 
5.00 
1.50 
3.33 
7.25 
1.40 
5.20 
5.95 
2.50 
2.38 
8.20 
I.20 
6.82 
6.40 
I.6U 
4.00. 
Average Ratios 
Longitudinal · Transverse 
4.63 
.4 •. J-1-
·' r 
\ 
! 
.r 
I 
I 
i 
J 
i 
:i 
i 
:\ 
.? 
2.6o . 
2.65 
2.65 
.. 
_ .. _., 
•. 
~-:-
·' 
. ·'· 
.. 
TABIE rv -- Continued 
u:>ngitudinal Ratios Average Ratios 
' 
•. Treatment Longitudinal Transverse 
1 Hr. Aust. 10.80 7.90 8.55 11.55 8.90 2.75 1.30 1.03 2.10 1.70 1200°F Temp. (H) 
3.93 6.10 8.30 s.so 5.22 5.81 2.26 
., 
3 Day ,,Aust. 6.85 3.00 5.90 5.70 4.55 1.20 0.60 1.50 1.40 1.90 .1200°F-Temp. (I) 
5.70 5.00 3.93 4.07 2.40 4.22 2.20 
,,, 
:~.,. 
. ,. , . 
-
., ... 
-. 
.. ~· 
> .. j 
j 
l j 
I' ' ' 
i 
' \ 
. ' •.. 
t 
\ 
,. 
BIBLIOGRAPHY 
1. Morrogh, H. and J. Grant, "Nodular Cast Irons, Their Produotion 
and Properties", Metallurgia, vol. 38. July, 1948, pp 153-
160. 
,2:. Gagnebin, A._ P., K. D. Mills, and N. B. Pilling, "Ductile Ce.st 
Iron - A New Engineering Material", Iron Age,· vol. 163, 
February 17, 1949, p. 77. 
'-" ·3. De Sy, A. L., "Nodular Cast Iron Produced with Li, Ca, Ba., Sr, 
Na", Metal Progress., vol. 58, September, 1950, p. 357 • 
... 
4. De Sy,. A. L., "The Core of Graphite Spherules in Nodular Cast 
5. 
Iron", Metal Progress, vol. 57, June, 1950, p. 774. 
\ 
•, 
So apple, R. Y., "Nodular Ca.st IronJ Heat Treatment and Physical 
Properties", Iron and Steel, vol. 23, September-November, 
1950, p. 379. 
6. Rehder,. J.E., "Quench e.nd Temper Treatments Improves Nodular 
Irons", Iron Age, vol. 169, January 17, 1952, p. 89. 
7. 
. 
Barnett, J. R., "An Investigation of the E:tfeot of Heat Treat-
ment Upon the Hardness, Miorostructure and Combined ·carb_on 
Content of Some Nodular Ce.st Irons"• Quarterly of the Colorado 
,.. 
School of Mines, vol. 47, January, 1952, p. 45-87. 
' 
- 5~ -
l 
..... 
~-
., 
' .• '·• 
.. 
a. 
. .J 
! . 
.·, .. : 
Rowady, E. P., w. J. Murphy, and J. F. ·1ibsoh, "Hardening 
Characteristics of Induction Heated Ductile Iron"• 
American Foundrymen' s Society Preprint No._ 53-Jl., 1·953-.• 
Bal lay, M., R. Che.vy, a.nd J. Crilliat, "Heat Treatment of 
Spheroidalgraphite Cast Irons", Foundry Trade Journal, 
-------
t vol. 96, January-February, 1954, pp. 91-97, 125-28. 
10. ASM Committee on Nodule.r Iron, "Nodule_r Cast Iron", Metals 
Handbook, 1954 Supplement, July 15, 1954, pp. 49-52. 
('I / 
. l..,.__. . 
11. Danko, J. c., and J. F. Libsch, "Secondary Graphitizati9n of 
Quenched and Tempered Ductile Cast Iron", Transactions 
ASM, vol. 47, preprint No. 32, 19·.54. 
12. Perry, J. A., and J. E. Rehder, "Nodular Iron Hot-F'orged and 
Rolled Experimentally~ Iron ;Age, vol. 168, October 4, 1951, 
p. 229. 
13. Grdhanar, T. J., and H. L. Jandras, metallurgists, Bethlehem 
Plant of Bethlehem Steel Company, personal communjcations 
. ' 
and intra-plant correspondence. 
r .,. 
14. ASTM Standards 1952, Part I, American Society for Testing 
Material, 1952, -p~·-507.--· -- - . ----· ·-c 
, 
15. Beth_lehem Tool Steels, Bethlehem Steel Company, Bethlehem, Pa., 
1958, p. ~-4. 
--53 .• 
.-( 
' . 
) 
_,-
·r .. . 
J 
f 
' f 
!.· 
•,f 
. ,.;: 
·'· 
.. 
t 
' .. 
16. Skoda, R. E., "Electrolytic Polishing of Nodular · Cast Iron", · 
'0;. 
·• ·., 
v.· 
, 
• 
' 
Metal Pro~ress, vol. 69, No. 2, February, 19S~, p. 66. 
.. 
.,I'• 
.Ji 
,, 
.. 
·-
.., . 
...; 
- 54· -
. ... 
I 
,, 
.. 
... 
... ' 
. . 
• 
. ,: 
\ 
) 
,\, 
,, 
... 
/ 
' ·., 
:.,,-
.. 
. , . 
• VITA 
Scott Thomas Scheirer was. born November 16, 1940 in Trenton, 
New JerstV,. the son of Thomas J. and Louise E. Scheirer. He 
received his public school educa~ion in the system of Ewing Tow.n-
, 
ship, New Jersey, becoming salutatorian of the 1958 class at Ewing 
High §chool. 
r· . 
In the fall of 1958 the author entered Iehigh University in 
Bethlehem, Pennsylvania. He graduated with honors from that in-
stitution in 1962 taking with him a baccalaureate degree in Met-
allurgical Engineering. Mr. Scheirer then entered the graduate 
school at I.ehigh University where he is presently completing 
s.-tudies .. for a master I s degree in the, same curriculum. 
:.,-··· \ ... 
:· .. 
·' 
. ~; < .. 
-55-
.. 
:,.. 
,!• 
'..c., 
. \ 
